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TITANIUM MICROMACHINING BY FEMTOSECOND LASER 
SUMMARY 
In the last two decades, there is a rapid increase in the femtosecond laser 
applications. Since this type of lasers produce ultrashort pulse durations, which 
means high peak powers can be obtained, they provide unique advantages. Also, 
nanoscale science requires  structures,  which are not possible to fabricate by 
conventional  technologies. Recently, femtosecond lasers are getting a good attention 
by many researchers in diverse applications such as precise hole drilling, 
microchannel cutting, micro/nanostructuring, and biomedical devices using metals, 
semiconductors, composites and transparent materials. 
In this thesis, a femtosecond laser is used in order to micromachine titanium, which 
is a widely used material in industrial and biomedical applications due to its 
exceptional properties. Several experiments performed systematically in order to 
characterize the ablation depth with pulse energy, translation speed, and the 
consecutive passes over the channels. The main purpose of this study is to obtain the 
optimum parameters to cut, smooth microscale channels without accumulated debris. 
During the study, formations of microcolumns, called spikes, are also observed on 
titanium surface which can enhance biomedical implants’ performance in human 
body, and these could  be used as traps so as to capture specific cells in the 
microchannels for various biological studies. 
The characteristics of the ablation depth as a function of cut parameters are 
investigated and channels having smooth surfaces are obtained. Moreover,  the 
reason behind the formations of microcolumns is discussed.   
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FEMTOSANİYE LAZER İLE TİTANYUM MİKROİŞLEME 
ÖZET 
Geçtiğimiz son 20 yıl içerisinde femtosaniye lazerlerin uygulama alanlarında hızlı bir 
artış gözlemlenmektedir. Bu tip lazerler çok kısa süreli darbeler ürettikleri için çok 
yüksek güç değerlerine ulaşabilmekte ve bu da eşsiz avantajlar sağlamaktadır. Ayrıca 
nanobilim çok küçük ölçekli yapıların, partiküllerin üretilmesini gerektirmektedir ki 
bu da geleneksel teknolojilerle pratik olmamaktadır. Bu nedenle, femtosaniye 
lazerler geleneksel mikroişleme yöntemlerine iyi bir rakip olmaktadır. 
Femtosaniye lazer ile mikroişlemenin çok hızlı genişleyen uygulama alanları 
bulunmaktadır. Çeşitli malzemeler, örneğin metaller, yarıiletkenler, transparant 
malzemeler, kompozitler femtosaniye lazerlerle işlenebilmektedir. Çok kısa süreli 
darbeler üretmesinden dolayı, lazer hüzmesi ile malzemenin etkileştiği bölgenin 
etrafına zarar verilmemektedir. Bu açıdan femtosaniye lazerlerin, hassas delik delme, 
kesme, mikro/nano yapılandırma ve biyomedikal cihazların üretimi gibi önemli 
uygulama alanları bulunmaktadır.  
Bu tez çalışmasında, sanayide ve biyomedikal uygulamalarda çok iyi özelliklerinden 
dolayı sıkça kullanılan, titanyum malzemesi femtosaniye lazer ile mikroişlenmiştir. 
Sistematik bir şekilde deneyler yapılmış ve ablasyon derinliği, darbe enerjisi, tarama 
hızı ve tekrarlı taramalar ile karakterize edilmiştir. Dolayısıyla, tezin amacı, ablasyon 
derinliğinin, değişen parametreler ile  karakteristiğini ortaya koymak ve pürüzsüz 
kanalların açılması için gerekli olan optimum parametreleri elde edebilmektir. 
Ayrıca, titanyum yüzeyinde ve kanalların içerisinde mikroyapıların oluşumu 
gözlemlenmiştir. Bu yapılar biyomedikal implantların vücut içerisindeki dayanımını 
ve performansını arttırmakta, ayrıca mikro kanallar içerisinde hücre ayrıştırması için 
tuzak olarak kullanılabilmektedir.  
Sonuç olarak bu tez çalışması kapsamında ablasyon derinliğinin, değişen 
parametrelerle olan karakteristiği ortaya konulmuş ve pürüzsüz kanallar açılmıştır. 
Ayrıca, mikro yapıların oluşum sebepleri irdelenmiştir.  
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1.  INTRODUCTION 
Femtosecond lasers produce pulses in femtosecond range (10
-15
 s) which can ablate a 
material without causing any damage on the laser material interaction surroundings. 
Femtosecond laser micromachining applications increase rapidly due to  its unique 
advantages over conventional fabrication techniques. The basic features of the 
femtosecond pulses are summarized by Nolte et.al. [1]: 
 Rapid energy deposition and creation of vapour and plasma phases 
 Absence of the molten material 
 Negligible heat-affected zones (HAZ). 
There are many studies about the physical mechanism of the interaction of laser 
pulses with absorptive [2-4] and transparent materials [4-6]. The ablation process 
takes place in both of these materials and has potential applications in industry and in 
research groups.  
In literature, femtosecond laser micromachining for hole drilling and cutting of, 
semiconductors [7-12], metals [1,13-17], and transparent materials [5,6,18-24], can 
be found. Moreover, morphological changes of absorptive [25-28] and transparent 
[29-34]  materials by femtosecond lasers are studied.  
Titanium is a widely used material in industrial and biomedical applications due to 
its high durability, high strength, light weight, biocompatibility, and good 
mechanical performance in human body [35-37]. Several experiments performed on 
titanium surface to fabricate textures at microscale by femtosecond laser pulses. The 
purpose of this application is to enhance titanium implants stability and the strength 
of the bone/implant interface [35-41].  However the mechanisms behind the 
formation of these micro columns, which are generally called as “spikes” [48,49,52],  
are not fully understood. 
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In this thesis, the optimum laser parameters are investigated for micromachining of 
titanium to obtain smooth micro channels. A systematic series of experiments are 
performed in order to characterize the ablation depth with pulse energy, translation 
speed and consecutive number of pulses. In addition, the formations of the 
microcolumns are observed and some experiments are performed in order to discover 
their reproducibility. 
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2.  FEMTOSECOND LASER MICROMACHINING 
2.1 Femtosecond Laser-Material Interaction 
Laser micromachining results in material removal. This happens through the ablation 
process where the test specimen under laser irradiation absorbs laser energy and 
converts it to the liquid or vapour. The laser ablation takes place either linear 
absorption or nonlinear absorption [4,42-44]. 
2.1.1 Absorption and ionization 
2.1.1.1 Linear absorption 
The absorption process in materials take place with the aid of free and valance 
electrons, if the materials’ bandgap is smaller than laser photon energy [45]. In non-
metallic materials the highest level of the valance band is occupied by an electron. If 
the photon energy  exceeds the bandgap energy, light can be absorbed by the 
material, and electrons are promoted to the conduction band [43]. 
 
Figure 2.1 : Photon is absorbed by electron and promoting itself to the 
conduction band [43]. 
In metals, in contrast, the conduction band is partially occupied. Free electrons can 
absorb photons and  they gain momentum through an interaction with a phonon (a 
lattice vibration) to promote to a higher-lying level in the conduction band [43]. As a 
result, the material ablation can take place if the sufficient energy is deposited on the 
material surface. 
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2.1.1.2 Nonlinear absorption 
In transparent materials, a single photon has not enough energy to excite an electron 
from valance band to conduction band. Therefore, absorption of laser energy can 
take place with nonlinear absorption. There are two excitation mechanisms in 
nonlinear absorption, photoionization and avalanche ionization [5,42,43]. In 
Photoionization electrons are directly excited by the laser field. There are two 
different regimes of photoionization, the multiphoton ionization and tunnelling 
ionization which both are related with laser frequency and intensity [42,43]. 
In tunnelling ionization, the laser electric field provides the electron to tunnel out 
from its potential to become free electron. This ionization is possible in strong laser 
fields and low laser frequency. At higher laser frequencies nonlinear photoionization 
take place by simultaneous absorption of multiple photons by an electron. The sum 
of the energy of all the photons absorbed must exceed the bandgap energy in order to 
achieve multiphoton ionization [42,43]. 
Avalanche ionization take place with the aid of “seed” electrons, which are always 
present in materials as free or conduction electrons. These seed electrons are result of 
metallic impurities, thermal or linear optical ionization of shallow energy levels of 
inclusions [4]. An electron in the conduction band absorbs several laser photons and 
when its energy exceeds the conduction band minimum by more than the bandgap 
energy, and then collisionally ionizes another electron, leaving two electrons at the 
conduction band minimum. As long as the laser field is present this process repeats, 
and the electron density in the conduction band grows exponentially [4,42,43]. 
 
Figure 2.2 : Schematic diagram of multiphoton and avalanche ionization [43] 
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2.1.2 Pulse duration effect 
The absorption of the laser beam can be expressed by two characteristic lengths. One 
is the optical penetration depth, which is the distance within which the photon energy 
is absorbed and can be written as [45] 
1


                                                                                                                       (2.1) 
where α is the optical parameters of materials. The second length is the heat diffusion 
length, which is the distance of the thermal energy, which is conducted during the 
pulse, and can be written as [45] 
th pl                                                                                                                  (2.2) 
where  
p  is the pulse duration   is the thermal diffusivity.            
2.1.2.1 Long pulse interaction 
For long pulses, since the fluence threshold varies as the square root of the pulse 
duration, the material heated by the beam pulse depends on the heat diffusion length. 
When the material and long pulse interacts, significant amount of material is melted, 
and ablation process take place with the liquid and vapor phase of the material. The 
non-ablated material resolidifies around the ablated region and prevents precise 
machining [45]. Most of the materials thermal diffusivity fluctuates between 0.1-1 
cm
2
/s [46].This indicates that for 10 ns pulse duration, heat wave will travel about 
0.1-1 µm. This is longer than the optical penetration depth, which is approximately 
10 nm for metals [43].  
2.1.2.2 Short pulse interaction 
For short pulses in the range of picosecond or femtosecond, the heat diffusion length 
will be equal or be much smaller than the optical penetration depth. Since the 
deposited energy is localized, the material in this region is quickly reaches the 
vaporization temperature. Thus, this provides more precise and cleaner cuts [45].  
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Figure 2.3 : Holes drilled on steel (a) pulse duration is 3.3 ns and  fluence is 
4.2 J/cm
2
 (b) pulse duration is 200 fs and fluence is 0.5 J/cm
2
 
[28]. 
Figure 2.3 illustrates the pulse duration effect on the material processing. In Figure 
2.3a the hole is drilled by 4.2 J/cm
2
 , with 3.3 ns  pulse duration, whereas in Figure 
2.3b the material is drilled by 0.5 J/cm
2
 with 200 fs pulse duration [28]. It is obvious 
that the pulse duration in femtosecond region has a significant effect on the material 
processing that there is no trace of the solidified material around the hole. Also as 
compared to nanosecond pulse regime, the heat-affected zone is not created and the 
quality of the holes inside is incomparable.  
2.2 Applications of Femtosecond Laser Micromachining 
2.2.1 Industrial applications 
2.2.1.1 Femtosecond laser drilling and cutting 
It is difficult to create small holes with diameters less than 100 µm by conventional 
micromachining techniques. It is therefore femtosecond lasers are a good solution for 
these applications such as fuel injection nozzles in automotive industry, hydraulic 
and pneumatic components. There is an example of injection nozzle which is drilled 
by femtosecond laser in Figure 2.4 [47]. As seen from the figure that the hole has a 
smooth surface without accumulated debris.  Although laser drilling is performed in 
high fluences, high quality processing achieved.  
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The reason behind this can be divided in two steps. In the first step, high intensities 
are used rapidly drill a deep hole. Due to the characteristic of Gaussian laser beam, 
high intensity part of the laser pulse do not interact with the walls and propagates 
through the hole. On the other hand, the other parts of the laser pulse, which exhibit 
much low fluence as a result of Gaussian beam characteristic, interact with the walls. 
As a consequence, this low-fluence, interacts with walls, can be considered as 
“integrated” post-processing step, which provides high quality holes [13]. 
  
Figure 2.4 : (a) Cap of a injection nozzle (b) Magnified view of  hole [47]. 
Femtosecond laser cutting provides unique applications such as microchannels in 
diverse materials such as glass[21,22], semiconductors [8-10] with small sizes. There 
are systematic studies performed in silicon [9] and in InP [10] and in both studies 
high quality channels are cut by femtosecond laser and some of the channels are 
indicated in Figure 2.5 and Figure 2.6. 
 
Figure 2.5 :  Microchannels on silicon surface which are cut by fs laser [9]. 
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Figure 2.6 : Microchannels on InP surface which are cut fs laser [10]. 
Both these experiments illustrated in Figure 2.5 and Figure 2.6 are performed in 
same university by different group members. They pursue a systematic study and 
characterize the ablation depth with pulse energy, translation speed and consecutive 
passes. There are some accumulated pulses in silicon, whereas the InP channels do 
not include debris around and inside the channels. It is obvious from figures that 
smooth channels can be cut by femtosecond lasers. 
2.2.1.2 Femtosecond laser micro/nanostructuring 
Structuring of materials surfaces provides technological importance since they can be 
used for fluid sterilization, cell encapsulation, drug delivery etc. In this technique the 
laser pulses are directly send to the materials surfaces which create micro/nano 
structures. Thus it has some advantages since laser processing provides 
reproducibility and less contamination due to its non-contact process. The 
morphology of these structures depends on the laser processing parameters; number 
of incident laser pulses, fluence, wavelength, pulse duration, and the ambient 
atmosphere and pressure [37,41].  
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For the last two decade, the most studies in this area is performed in silicon [48-52], 
since it is a widely used material in microelectronics industry. Figure 2.6 illustrates a 
study performed by Her et.al. [52] shows the micro columns, which are called 
spikes, on silicon surface. Sarnet et.al. stated that these micro columns in silicon 
improve the solar cell efficiency since they reduce the incident solar light reflection 
and a microstructured silicon part is shown in Figure 2.7 [53]. 
 
Figure 2.7 : Spikes on silicon surface [52]. 
 
Figure 2.8 : A femtosecond laser stuructured silicon [53]. 
Except silicon, micro/nano structuring is performed in diverse materials [41,54-57]. 
Titanium is one of them, due to the variety of its applications [36-40,40,54,57,58]. 
The surface texturing of titanium is carried out by few groups. 
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 Nayak et.al [37] performed experiments in order to produce microcolumns on 
titanium surface. A regeneratively amplified Spectra Physics Ti:Sapphire 
femtosecond laser is used which produces laser pulses at 800 nm wavelength, 130 fs 
pulse durations. The experiments are performed at 1 kHz repetition rate and 500 mm 
lens is used. They carry out their experiments in air, vacuum and in diverse gas 
environments. The most sharp and tall microcolumns are formed in vacuum and He 
gas environments. In vacuum conditions, sharp structures, which have 25 µm 
heights, are formed in 1.5 J/cm
2
 and in He gas environment the sharp structures are 
formed under 100 mbar to 800 mbar in 2 J/cm
2
. It is stated that lower gas pressure 
favor long structures. In addition, it is indicated that in air conditions the formations 
are not so sharp as compared to others. Also, they do not observe spikes under SF6 
gas environment. Another study by Nayak et.al. [41] is dedicated to observe these 
microstructures on titanium, aluminium copper, and stainless steel. The experimental 
setup is same with the previous study [37]. Micro structures are formed on titanium 
surface between 0.5 J/cm
2
 to 1.2 J/cm
2
 fluences.  The formations of such structures in 
stainless steel is observed in vacuum, air , He, SF6 at 100mbar pressure in 1.2 J/cm
2
. 
The spikes are not formed as titanium and also stainless steel in aluminium and 
copper.  
 
Figure 2.9 : Formations of spikes for (a)0,3 (b) 0,4 (c) 0,5 (d)0,6 (e) 0,7 (f) 
0,8 (g) 0,9 (h) 1 (i) 1,1 (j) 1,2 (J/cm
2
).The number of laser pulse 
is 450 [41]. 
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Oliveira et.al. investigated the structuring of titanium under stationary and non-
stationary conditions. A commercial Yb:KYW chirped-pulse-regenerative 
amplification laser system is used which produces pulses at 1030 nm wavelength, 
500 fs pulse durations. The non stationary experiments are carried out with 50 Hz 
repetition rate, where as the stationary experiment conditions varied between 1 Hz 
and 50 Hz. Figure 2.10 illustrates structuring of titanium under stationary conditions. 
It is obvious that after 150 pulses at 1 J/cm
2
 the structures begin to form, though their 
formations are not sharp.   
 
Figure 2.10 : Micro columns on titanium surface under stationary conditions. 
Fluence is 1 J/cm
2
 and number of pulses (a) 1 (b) 5 (c) 10 (d) 
20 (e) 50 (f)75 (g) 100 (h) 150 (i) 200 (j) 500 (k) 750 (l)1000 
[35]. 
Figure 2.11 indicates the non-stationary experiments SEM photographs. As seen 
from the figure that there is formation of micro columns but they are oriented 
irregular and their formations are not so sharp as compared to other studies. Finally it 
is stated that the micro columns formation is observed both in stationary and non-
stationary conditions [35]. 
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Figure 2.11 : The response of titanium surface under non-stationary 
conditions. Fluence is 1 J/cm
2
 and (a), (b), (e), and(f) 10 µm/s; 
(c), and (d) 50 µm/s  [35]. 
There are also different applications of surface structuring, for example, cylinder 
walls in combustion engines. The cavities between the structures serve as a reservoir 
for the oil and they prevent the breakdown of the oil-film. And finally it results the 
reduction of particle emission [43].  
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2.2.1.3 Microfluidic applications 
There is a fast growing market for microfluidic technologies and therefore the 
fabrication process of these devices is getting important [59]. In recent years, 
femtosecond lasers have significant applications in fabrication of microfluidic 
devices [22,60-65]. Microfluidic devices increase enhanced signal in single molecule 
fluorescence detection, which improves sensitivity for biosensor applications [61]. 
Lab on a chip devices demand three dimensional microchannels which have potential 
applications in chemical and biological analyses. Femtosecond lasers provide unique 
advantage of the fabrication of hollow micrometer-diameter three dimensional 
microfluidic channels in the bulk of transparent materials [60,63].  Li et.al. fabricated 
spiral shaped microchannels in glass in order to connect two microcomponents. In 
the first step, they investigated the optimum parameters for the fabrication. Then, the 
microchannels are cut by moving the sample along spiral trace. In the second step, 
the laser modified area is etched with 5 % HF acid in an ultrasonic bath so as to form 
hollow structure. Finally, baking is applied to obtain smooth surfaces.  
 
Figure 2.12 : (a)Schematic view of the spiral channel. (b)The microchannel 
after the etching process. (c) after baking process at 600ºC for 
4h. (d) The cross section of the post baked microchannel. (e) 
The cross section of the channel at the opening area [63]. 
Figure 2.12 shows the experiment results. It is stated by Li et.al. that the etching 
time, the diameter of the laser modified region and the incidence laser power have 
influence on the diameter of the channel. They performed liquidity test and produce 
smooth channel [63]. 
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2.2.2 Biomedical applications 
In recent years femtosecond lasers play a significant role in the biomedical 
applications. The complexity and small feature sizes enhance the necessity of the 
laser micromachining [66-68]. The biomedical stents are a good application of the 
femtosecond laser micromachining. These stents are fabricated by a hollow 
cylindrical tube with a designed pattern. Femtosecond lasers provide unique 
advantage that various materials can be used to fabricate stents such as stainless 
steel, nitinol platinium, titanium, tantalum, and gold [47,69,70]. A case study is given 
in Figure 2.13. This stent is used for cardiovascular surgery and it is produced by 
tantalum. Laser fabrication process of this stent advantage is that it does not require 
additional finishing procedures [47]. 
 
Figure 2.13 : (a) A case study of tantalum stent. (b) Detail of (a) [47]. 
As discussed in the previous section, texturing the biomedical implant surfaces 
enhance the cell adhesion and the stability.  Further studies are performed on 
titanium since it has  good biocompatibility, durability and frequently used material 
for the fabrication of biomedical implants [40,68]. Wang et.al. used femtosecond 
laser in order to create micro-patterns on titanium surface. The experiments are 
performed in simulated body fluid (SBF). After the ablation of the surfaces, an in 
vitro osteoblast culture experiment is performed in order to observe the cell 
interaction between the patterned surfaces. Figure 2.14 shows the experiment result. 
In Figure 2.14a the surface is ablated by sand blasting followed by acid etching and 
the others are ablated by femtosecond laser. The author observe the advantageous of 
the femtosecond laser ablated (FLA) surface and  Figure 2.14d MTT assay results, 
shows the cell propagation rates on femtosecond laser ablated surfaces are faster than 
sand blasting followed by acid etching (SLA) surfaces [71].  
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Figure 2.14 : (a) SLA surface (b) FLA surface, fluence 3.3 J/cm2 (c) FLA 
surface 12.5 J/cm
2
 (d) MTT assay [71]. 
2.2.3 New applications areas 
There are new material trends in the application of femtosecond lasers. In recent 
years, poly(methyl methacrylate) (PMMA), which is a hard plastic material, exhibits 
more durability and cheaper as compared to glass have potential applications in the 
field of microfluidics. Also polymer materials have advantage over glass since they 
have flexible processing [43]. Yamasaki et.al. used PMMA material in order to 
fabricate  microchannels without post-fabrication treatment. Figure 2.15 shows the 
experiment result. Form Figure 2.15a and 2.15b it is indicated that water solution can 
penetrate into channels without leakage to the host PMMA. The channels are 
somewhat elliptical due to the aberrations. The SEM images of the PMMA (Figure 
2.15c, 2.15d and 2.15e) show that the channels diameters are about 0.4 and 0.5 µm. 
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Figure 2.15 : (a) view of channels. (b) views of photoluminescence of 
rhodamine (c,d) SEM images of the cross section of the 
channels which were cut 12 nJ (e) 9 nJ  [65]. 
 
 
 
17 
3.  EXPERIMENTS AND RESULTS 
3.1 Experimental Setup 
In our experiments a diode pumped solid state Yb:YAG femtosecond laser (s-Pulse 
Amplitude Systemes)  is used. It is a three level system and produces pulses at 1030 
nm wavelength, with 500 fs pulse width. The experiments are performed at 1 kHz in 
atmospheric conditions. Since the laser system emits pulses at maximum power,   a 
half wave plate and a polarizer is used in order to change the pulse energy, thus to 
control the fluence. Figure 3.1 shows the experimental setup.  
 
Figure 3.1 : Experimental setup of the femtosecond laser system 
3.2 Test Specimen Preparation 
High purity (99.9%) titanium materials are diced into small square pieces of 1cm
2
. 
Before positioning titanium its surface and sides are grinded and then polished with 1 
µm alumina liquid. After then the pieces are cleaned with acetone followed by 
methanol.  A computer controlled stage, which has a 100 nm sensitivity, provide 
precise positioning of titanium plate. The channels are cut from sides so as to view 
the channel interior view and depth and width. The channels are characterized by 
SEM (ZEISS EVO|MA10). 
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3.3 Experimental Studies  
The experiments are designed in two categories with sub-sections. Figure 3.2 shows  
diagram of the experimental design. The experiments are performed by two different 
focal lengths. In each lens study three different experiments designed and performed. 
 
Figure 3.2 : Schematic diagram of the experimental design 
3.3.1 Ablation depth-fluence 
The main purpose of this step of the experiments is to investigate the effect of the 
fluence on the ablation depth. Thus, some series of experiments are performed with 
different fluencies. Firstly, the experiments are performed with 100 mm lens 
(Biconvex-aspherical) and at 1 kHz. The test specimen is located on to the computer 
controlled stage and moved with constant 10 µm/s speed. Table 3.1 indicates the 
experimental parameters. The power is measured by a thermal power meter and the 
initial power is 2 mW which corresponds to the 2 µJ. The laser beam energy is 
calculated by the formula; 
rep
P
E
f
                                                                                                                    (3.1) 
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where E is the laser beam energy, P is the power and frep  is the repetation rate. In 
order to calculate the fluence, firstly the spot size of the beam is calculated. The spot 
size relation with the distance from the lens is expressed by equation (3.2). 
2
( ) 1input
R
z
w z w
z
 
   
 
                                                                                           (3.2) 
Far away from the waist the relation can be written as; 
2 2
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                                             (3.3) 
where winput is the output diameter of the laser beam, z is the distance from the lens 
and ZR is the Rayleigh range and can be written as; 
2
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                                                                                                             (3.4) 
where λ is the wavelength of the laser. If we rewrite the equation (3.3) 
( )
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
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                                                                                                          (3.5) 
The output of the laser beam size at FWHM, is measured by a CCD camera and its 
spot size, winput  is 1 mm and the laser beam is nearly Gaussian. A lens will collimate 
laser beam as illustrated in Figure 3.3 and the new spot size can be calculated by 
equation (3.5) 
( )f
input
f
w f
w


                                                                                                       (3.6) 
where  f  is the focal length. 
 
Figure 3.3 : The Gaussian beam is focused to a new spot size [72]. 
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The fluence is calculated using the beam spot size at focal length 
2
4
f
E
F
w
                                                                                                                  (3.7) 
The measured power values and the calculated energy and fluence values by 
equation (3.1) and (3.7) are given in Table 3.1. 
Table 3.1: Experimental parameters for 100 mm lens studies 
Channel 
Number 
Power 
[mW] 
Energy 
[µJ] 
Fluence 
[J/cm
2
] 
1 2 2 0,123 
2 3 3 0,185 
3 4 4 0,247 
4 5 5 0,308 
5 6 6 0,370 
6 7 7 0,431 
7 8 8 0,493 
8 9 9 0,555 
9 10 10 0,616 
10 15 15 0,924 
11 20 20 1,233 
12 25 25 1,541 
13 30 30 1,849 
14 35 35 2,157 
15 40 40 2,465 
16 45 45 2,773 
17 50 50 3,081 
18 55 55 3,390 
19 60 60 3,698 
20 65 65 4,006 
21 70 70 4,314 
22 75 75 4,622 
23 80 80 4,930 
24 85 85 5,238 
25 90 90 5,547 
26 95 95 5,855 
27 100 100 6,163 
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Figure 3.4 : The fluences are in order of (J/cm2) (a) 0.185-0.431 (b) 0.493-0.92 (c) 
1.233-1.849 (d) 2.157-2.773 (e) 3.081-3.698 (f) 4.006- 4.622 (g) 4.930-
5.547(h) 5.855, 6.163. 
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Figure 3.3 illustrates schematic diagram of the focusing collimated Gaussian laser 
beam to the new spot size. Figure 3.4 shows in order of channels cut at parameters 
given in Table 3.1. In the lowest fluence 0.123 J/cm
2
  titanium was not ablated and 
the channel was not cut. It is obvious that at lower energies there is no trace of debris 
around the channels, but at higher energies there are some accumulated debris around 
the channels and also inside the channels. On the other hand at some small fluencies 
such as between 0.431-0.616 J/cm
2
 the channels walls seem smooth, without any 
defects on surface. Also, at low fluence values there are some formations of spikes 
inside the channels. Especially, at 0.308, 0.370, and 0.431 J/cm
2 
fluence values the 
spikes are conspiciously seen. The formations of the spikes are well studied by some 
research groups in different materials in different gas ambients, such as silicon 
[48,49,51,52], titanium, aluminum, stainless steel [41]. The fundamental principle 
behind the formations of these spikes are still unknown. In our case, the 
experiements are carried out in atmospheric conditions, and the temperature was 
25°C. 
In the second step, the experiments are performed with a 15 mm lens in order to have 
smaller channels since its spot size is small than 100 mm lens’ spot size.  To compare 
with previous experiment results, the channels are cut with same fluencies. Since the 
15 mm lens spot size is smaller than 100 mm, this experiment’s  pulse energy is kept 
lower than previous study. The 15 mm lens study has  6.82 µm spot size, whereas 
100 mm lens spot size is 45.45 µm which are calculated by equation (3.6). The power 
and also the energy values are illustrated in Table 3.2 and the power is measured by a 
Photo diode. In order to measure the power by photo diode, firstly, it is calibrated by 
thermal power meter in a sufficient high power regime. After then,  low power 
values are measured directly by photo diode. All other experimental conditions are 
kept same with the 100 mm lens study. 
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Table 3.2: Experimental parameters for 15 mm lens studies 
Channel 
Number 
Power 
[mW] 
Energy 
[µJ] 
Fluence 
[J/cm
2
] 
1 0,046 0,046 0,125 
2 0,067 0,067 0,185 
3 0,088 0,088 0,242 
4 0,111 0,111 0,305 
5 0,134 0,134 0,367 
6 0,157 0,157 0,430 
7 0,182 0,182 0,500 
8 0,201 0,201 0,549 
9 0,221 0,221 0,606 
10 0,337 0,337 0,922 
11 0,452 0,452 1,239 
12 0,562 0,562 1,539 
13 0,675 0,675 1,848 
14 0,784 0,784 2,148 
15 0,897 0,897 2,458 
16 1,014 1,014 2,777 
17 1,123 1,123 3,077 
18 1,244 1,244 3,407 
19 1,353 1,353 3,706 
20 1,452 1,452 3,976 
21 1,576 1,576 4,316 
22 1,685 1,685 4,616 
23 1,795 1,795 4,915 
24 1,904 1,904 5,215 
25 2,017 2,017 5,525 
26 2,134 2,134 5,844 
27 2,243 2,243 6,144 
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Figure 3.5 : The fluences are in order of (J/cm2) (a) 0,125  (b) 0,367, 0,430 (c)0,606,    
0,921 (d) 2,148 (e) 2,777 (f) 3,407 (g) 3,976 (h) 4,316 (i) 4,915-5,215  
and (j) 5,525-5,844. 
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Figure 3.5 shows SEM  photographs of the 15 mm lens studies. There are 
accumulated debris within the channels and also at high fluences debris has 
accumulated around the top of the channels. Only, the channel, which is cut by 0.606 
J/cm
2
, can be considered smooth as compared to the other channels in this study, 
since there is no significant accumulated debris in inside and also outside of the 
channel. It is important that there are no formations of spikes in channels in this 
study, though they are cut with same fluences.  
The depths are measured under SEM and they are plotted in Figure 3.6. The plot 
indicates the ablation depth characteristic with different fluence values. Both 15 mm 
and 100 mm lens studies’ experiment results are given in same plot. The two studies 
have  same characteristics and the data of the two studies were divided into two 
fluence ranges and a line was fit for each of them. Thus, it can be concluded that 
there are two different ablation regimes. It is stated by Nolte et.al. [1] that optical 
penetration length is dominant  at low fluence regimes, whereas heat diffusion length 
is active in the high fluence regime. From Figure 3.6 it is obvious that 100 mm’s first 
regime is smaller and also its slope is higher than other regime. As for second regime 
15 mm lens slope is bigger than the 100 mm lens study. 
 
Figure 3.6 : The ablation depth versus fluence 
The ablation characteristic is related by the well known expression [1,7,9,10] 
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A logarithmic fit to the experimental data gives the do and Fth values for the two 
different regimes and Table 3.3 shows the constants. The interesting thing of the 
graph is that although the channels are cut in same fluencies, the slopes of the 
ablation regimes are different. One expects to observe same or very few differences 
of the slopes of two ablation regimes. Therefore, further investigations are need to 
fully understand the difference between the two different slopes of the studies. 
Table 3.3: Fit parameters which are calculated from experiment results 
  Low-fluence regime High-fluence regime 
Lens do [µm] Fth [J/cm
2
] do [µm] Fth [J/cm
2
] 
15 mm 14,6 0,3123 287,5 3,6104 
100 mm 38,7 0,2402 70,3 0,4390 
3.3.2 Ablation depth-translational speed 
In order to observe the dependence of the channel depth on the translation speed 
some series of experiments are performed. The pulse energy was held constant at 10 
µJ in 100 mm lens study and 0,224 µJ in 15 mm lens study, which both of them 
correspond to 0,616 J/cm
2
. Translational speeds change from 5 µm/s to 200 µm/s. 
Figure 3.7 illustrates the 100 mm lens study and Figure 3.8 shows the 15 mm lens 
study. 
As seen in Figure 3.7 the channel depth decreases by the increase of translation 
speed. The smoothest channels are cut at low translation speeds. Especially the 
channels which are cut 30, 40, 50, 60, 70 µm/s translation speeds have a smooth 
surfaces without accumulated debris. An interior view of channel cut at 50 µm/s is 
given in Figure 3.7(c). The channel walls seem smooth. There are no accumulated 
debris and also there are no formations of spikes. At high translation speeds the 
channels are not cut smoothly, only a trace is ablated by Gaussian laser beam. 
 
 
27 
                                                                       
Figure 3.7 : Translation speeds are in order of (µm/s) (a) 5, 10, 20, 30, 40, 50, 60 
(b)70, 80, 90, 100, 150, 200 (c) interior view of 50 µm/s study. Fluence 
is 0,616 J/cm
2
. 
Figure 3.8 depicts 15 mm lens SEM photographs. These channels are smaller than 
100 mm lens study and there is accumulated debris at low translation speeds. At high 
translation speeds, with the given fluences, smooth channels cannot be cut. However, 
at these speeds, it is suitable to microstructure the titanium surface in order to obtain 
very few sized structures. Figure 3.9 shows an interior view of channel cut at 100 
µm/s translation speed. These structures size are about 300 nm and as expressed in 
section 2.2.2 these small sized structures enhance the stability of bone/implant 
interface. 
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Figure 3.8 : Translation speeds are in order of (µm/s) (a) 5 (b)10 (c) 20,30 (d) 40, 50 
(e) 60,70 (f)80,90 (g) 100,150 (h)200. Fluence is 0,616 J/cm
2
. 
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Figure 3.9 : Microstructures on titanium surface. Translation speed is 100 µm/s. 
The ablation depth and translation speed results are plotted and their characteristics 
are depicted in Figure 3.10. There is an inverse relation between the channel depth 
and translational speed. This relation can be written by this equation  
( )
k
A
d v
v
                                                                                                                 (3.9) 
where v is the translation speed, d is the ablation depth and A and k are the fit 
parameters.  
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Figure 3.10 : Characteristic of ablation depth with translation speed. 
The fit parameters are given in Table 3.4. It is accepted that there are some 
measurement errors about ± 1µm especially in 15 mm lens study at high translation 
speeds.  
Table 3.4: Ablation depth and translation speed fit parameters 
Lens A [µm2/s] k 
15 mm 19,7 0,21 
100 mm 214,5 0,72 
The test specimen is exposed to multiple pulses while the stage is moving with  
translation speed v. It will be suitable to express a term called “accumulated number 
of pulses”. This term will explain the relation with the multiple pulses with ablation 
depth. Thus, the ablation depth with translation speed can be expressed in another 
way. There are different approaches to calculate accumulated number of pulses [8-
10], and in this thesis Ameer-Beg et.al. approach is used; 
f rep
acc
w f
N
v
                                                                                                         (3.10) 
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where wf is the  diameter of the spot size, frep is the repetition rate, and v is the 
translation speed. In this approach the number of pulses in a spot size diameter is 
considered. The results are plotted in Figure 3.11. As expected from Figure 3.10, the 
ablation depth increases linearly with high accumulated number of pulses, which 
correspond to low translation speeds. Therefore, the reason for the different slopes 
can be caused by different accumulated pulses in a spot size. As seen from Figure 
3.11, the difference between the maximum and minumum point in 100 mm lens is 
about 8800 pulses, whereas  in 15 mm lens it is about 1300 pulses. 
 
Figure 3.11 : Ablation depth characteristic with accumulated number of pulses. 
3.3.3 Ablation depth-number of consecutive passes 
It is obvious that consecutive cutting over a material surface will affect the formation 
of the channel [9,10].  In order to investigate and obtain the parameters effect on the 
formation of channels some series of experiments are performed. Instead of 
translating in the same direction, the sample is moved back and forth. The repetition 
rate was 1 kHz, and the translation speed was 10 µm/s in these set of experiments. 
Firstly, the experiments are performed with 100 mm lens. The summary of 
experimental parameters is given in Table 3.5. 
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Table 3.5: Experimental parameters for consecutive cutting experiment 
Consecutive 
cutting number 
100 mm lens 15 mm lens 
Fluence[J/cm
2
] Fluence [J/cm
2
] 
1 
0,308 0,308 0,944 
5 
10 
15 
20 
25 
As seen from Table 3.5 the 100 mm lens study is performed at 0,308 J/cm
2 
fluence 
which correspond to 5 µJ enerji value and the channels are given in Figure 3.12. 
 
  
 
 
 
 
 
Figure 3.12 : Fluence is 0.308 J/cm2 translation speed is 10 µm/s, consecutive 
passes are in order of (a)1,1,5,10,15,20,25 (b)magnified view of 
15,20,25 cycle (c) interior view of 20 cycle. 
 
33 
It is so evident that there is no accumulated debris both inside and outside of the 
channels. However, in the same fluence, in ablation depth-fluence study, there was 
accumulated debris around the channels. Also, there is an important point that the 
formations of spikes are observed in this study. Especially, in 15, 20, 25 cycle studies 
the spikes are so clear. Their height is almost same with the channel depth. It is 
expected that consecutive cutting will melt these microcolumns. However, instead of 
the eradication of spikes, consecutive passes foster the formations. Also, they 
oriented irregular inside the channel and some part of them generally base to the 
channel walls. Their formation mystery is still unclear which are studied by many 
research groups [48,49,51,52].  
Secondly, as indicated in Table 3.5, the 15 mm tests are performed in same fluence. 
The difference from the previous experiments, an additional test is performed in a 
higher fluence value. Thus, it is anticipated to observe the fluence and the 
consecutive cutting effect on the formation of spikes. The 0.308 J/cm
2
 experiments 
SEM photographs are shown in Figure 3.13 and 0,944 J/cm
2
 fluence experiment 
results are shown in Figure 3.14. 
 
Figure 3.13 : The channels are cut in order of (a)1,5 (b)10,15 (c)20,25 cycles. The 
fluence is 0.308 J/cm
2
.
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As seen in Figure 3.13 the channels qualities are not enough smooth. Also there is 
accumulated debris around the channels and these SEM photographs indicate that at 
low energies in 15 mm lens study the consecutive cutting has no significant effect on 
the quality of channels. As compared to 100 mm lens study the formations of spikes 
are not observed in this study though all the experimental conditions were same. 
 
Figure 3.14 : The channels are in order of (a)1 (b)5 (c)10 (d)15 (e)20 (f)25. The 
fluence is 0.944 J/cm
2
. 
Figure 3.14 illustrates the consecutive cutting study with 0.944 J/cm
2
 fluence. The 
channels are getting better with the increase of fluence in 15 mm lens and in all cases 
there is a few amount of accumulated debris around the channel. The interesting 
thing is that the formations of spikes are not observed in these studies. 
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The experiment results are plotted in Figure 3.15. There is a linear relation in all 
experiments. The 100 mm lens study’s slope is higher than the 15 mm lens studies in 
the same fluence values. The reason for the different slopes for the same fluence 
value and translation speed is due to distinct Rayleigh ranges in addition to the 
optical penetration depth and the heat diffusion length where the 100 mm lens has a 
smaller optical penetration depth and longer heat diffusion length whereas the 15 mm 
has the opposite as discussed in Figure 3.6. For the 100 mm lens Rayleigh range is 
about 1575 µm, whereas the 15 mm lens Rayleigh range is about 35 µm. Therefore, 
100 mm lens can preserve its spot size, and fluence, longer than 15 mm lens.  
 
Figure 3.15 : Ablation depth versus consecutive passes over a channel. 
The second experiment is designed in order to investigate the reason behind the 
formation of the spikes. Therefore, some channels are cut in different fluences with 
100 mm lens and 20 consecutive passes, since the most observable spikes were 
formed in 20 cycles in our previous experiment. Figure 3.16 shows the result of the 
experiment. In this step the spike formation is not observed in all different fluencies.  
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Figure 3.16 : The channels are cut at 20 cycles. (a) The channels are in order of 
0.247, 0.308, 0.370, 0.431, 0.493, 0.616 J/cm
2
. (b) An interior view of 
0.431 J/cm
2
. 
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Figure 3.17 : The channels are cut at 20 cycles. (a) The channels are in order of 
0.247, 0.308, 0.370, 0.431, 0.493, 0.616 J/cm
2
. (b) An interior view 
of 0.431 J/cm
2
. 
In contrast, the channels are in high quality with no accumulated debris inside and 
outside of the channel. The walls seem very smooth and there are no formations of 
small sized structures. Figure 3.17 shows the change of ablation depth with fluence at 
20 consecutive passes. As expected, the depth increases linearly with the fluence. 
These results indicate that consecutive passes have a significant effect on the channel 
quality, which supports the smoothest channels. 
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4.  CONCLUSIONS AND FUTURE WORK 
The ultimate goal of this research was to characterize the ablation depth with pulse 
energy, translation speed, and consecutive number of pulses in order to obtain the 
necessary parameters to cut smooth channels without accumulated debris inside and 
around the channels. Thus, the ablation depth was characterized with fluence (pulse 
energy), translation speed and consecutive cutting over a channel.   
In ablation depth-fluence study; 
 A logarithmic dependence of the channel depth on the laser pulse energy was 
observed with two different ablation regimes. Although same fluences were 
used with two different lenses, the ablation regime’s slopes were different.  
 100 mm lens had a small optical penetration length with high slope, whereas 
the 15 mm lens was opposite. In addition, 100 mm lens had a long heat 
diffusion length and low slope as compared to 15 mm lens study. 
  On the other hand microcolumns which are called generally spikes, were 
formed in 100 mm lens tests in 0.308, 0.370, 0.431, 0.493 J/cm
2 
fluences. In 
contrast, there were no formations of these spikes in 15 mm lens study.  
  It is supposed that these formations might have a relation between the optical 
penetration depth and heat diffusion length. In addition, there is difference 
between the characteristics of the two lenses that they have different Rayleigh 
range, which may foster formations of the spikes. 100 mm lens Rayleigh 
range is about 1575 µm whereas 15 mm lens has about 35 µm. Therefore, 
further investigations have to be performed with different focal lengths in 
order to realize the relation. 
  Smooth channels were obtained at low fluences in both studies. At high 
fluences debris was accumulated around and inside the channels. 
In ablation depth-translation speed study; 
 It is observed that channel depth was inversely related with translation speed.  
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 Some smooth channels were obtained in 100 mm lens study when the 
translation speed was 40, 50, 60, and 70 µm/s. At 15 mm lens study, it was 
observed that small channels can be cut but their qualities are not good as 
compared to 100 mm lens results.  
 At high translation speeds very few sized micro structures are formed. As 
indicated in previous section (section 2.2.2) these structures enhance 
durability and performance of the titanium implants. Some experiments can 
be performed in order to investigate the most suitable parameters to form the 
necessary microstructures. 
In ablation depth-consecutive cutting study; 
 It is observed that the consecutive number of pulses has a significant effect on 
the channel formation. 
 The smoothest channels were obtained in consecutive cutting studies while 
the consecutive passes was 20 and the fluences were 0.247, 0.308, 0.370, 
0.431, 0.493, 0.616 J/cm
2
 in 100 mm lens study. 
 On the other hand, in 15 mm lens study at low fluence, 0.308 J/cm2, smooth 
channels were not cut. In the second test at high fluence, 0.944 J/cm
2
, the 
channels were smooth as compared to low fluence study, but as not enough as 
100 mm lens. 
 The spikes were formed in 100 mm lens study while the fluence was 0.308 
J/cm
2
 and they were so clear in 15, 20 and 25 cycles. There were no 
formations in 15 mm lens. As stated previously, they may have a relation with 
Rayleigh range. 
Future Work 
 The formations of microcolums, or spikes, may have a relation with Rayleigh 
range. Therefore, it will be suitable to perform systematic study with different 
focal lengths. 
 In this thesis, it is investigated that smooth and small sized micro channels 
can be cut on titanium materials surface. The smoothest channels are obtained 
in low fluence, low translation speed, and at high consecutive cutting. For a 
future work, long, shaped channels can be cut for microfluidic applications. 
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 It is discovered that very small sized micro structures can be obtained in 
ablation depth-translation speed study. This type of textured surfaces can 
enhance biomedical implants biocompatibility. It will be suitable to pursue a 
systematic study to discover the optimum parameters for texturing the 
surface. 
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